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Solubility and Activity of Oxygen in Liquid 
Germanium and Germanium-Copper Alloys 
K. FITZNER, K. T. JACOB, AND C. B. ALCOCK 
The solubil ity of oxygen in liquid germanium in the temperature  range 1233 to 1397 K, 
and in liquid germanium-copper  al loys at 1373 K, in equi l ibr ium with GeO2 has been 
measured by the phase equi l ibrat ion technique. The solubi l i ty of oxygen in pure ger-  
manium is given by the re lat ion 
6470 
log(at, pct 0) =-  ~ + 4.24 (+0.07). 
The standard free energy of solution of oxygen in liquid germanium is calculated f rom 
the saturat ion solubil ity, and recent ly  measured values for the free energy of format ion 
of GeO~, assuming that oxygen obeys S ievert 's  law up to the saturat ion l imit.  For  the 
reaction, 
1/20z(g)  ~ OGe 
AG ~ =-39 ,000  + 3.21 T (• ca1 
= -163,200 + 13.43 T (• J .  
where the standard state for dissolved oxygen is that which makes the value of activity 
equal to the concentrat ion (in at. pct), in the l imit,  as concentrat ion approaches zero. The 
effect of copper on the activity of oxygen dissolved in liquid germanium is found to be in 
good agreement  with that predicted by a quas ichemical  model in which each oxygen was 
assumed to be bonded to four metal  atoms and the nearest  neighbor metal  atoms to an 
oxygen atom are assumed to lose approximately half of their  metal l ic  bonds. 
PREVIOUS studies I on dilute solutions of oxygen 
were mainly confined to typical metal l ic  systems in 
which there are fewer electrons than needed to form 
e lect ron-pa i r  bonds to all nearest  neighbors.  Invest i -  
gation of the behavior of dissolved oxygen in group 
IVA elements like germanium, which is a covalently 
bonded and tetrahedral ly  coordinated semiconductor  in
the solid state, and of its alloy with group I B e le-  
ments such as copper, in which the e lectron concen- 
t rat ion changes rapidly with composit ion, is a natura l  
extension of ear l ie r  studies. Recently Jacob and A1- 
cock 2 have completed a s imi la r  study using an iso- 
piest ic technique on oxygen solubi l i ty in liquid gal l ium- 
copper al loys in which there is a well understood 
change in e lect ron-atom ratio, and whilst the resu l ts  
indicate the predicted effects they do not cover the 
whole composit ion range. Fur thermore  information 
on liquid Ge-O and Cu-Ge-O systems is useful f rom 
a pract ica l  as well as a theoret ical  point of view. A 
knowledge of the oxygen solubi l i ty in liquid germanium 
is important in the preparat ion of germanium based 
semiconductors  grown from melts.  
Recent models ~'3 for the descr ipt ion of thermody- 
namic propert ies  of oxygen in dilute solut ion in b inary  
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alloys differ with respect  to the s ignif icance of meta l -  
metal  interact ion in the ternary  solution. The equa- 
tions developed by Jacob and Alcock 1 for predict ing 
the activity coefficient of oxygen at infinite di lut ion in 
b inary al loys incorporate the activity coeff icients of 
metal l ic  components,  whereas Wagner 's  equation s does 
not contain te rms represent ing  the thermodynamic  be- 
havior of the metal l ic  alloy. Because the heat of for-  
mation of l iquid german ium-copper  al loys shows a 
min imum at XGe = 0.3, introduct ion of the b inary  data 
in the model would resu l t  in a rapid change of the 
values for the activity coeff icient of oxygen at this 
composit ion. Measurement  of the var iat ion of the 
activity coefficient of oxygen with composit ion of Ge- 
Cu al loys is therefore useful for di f ferent iat ing be- 
tween the models. 
The oxygen potential  corresponding to the mixture 
of solid Ge and tetragonal  GeO2 has been measured  by 
Jacob, Alcock and Chan 4 using a solid oxide galvanic 
cel l  in the temperature  range 850 to 1150 K. Navrot-  
sky S has measured  the heat of t rans format ion  of tet ra-  
gonal germanium dioxide into the high temperature  
hexagonal form. The f ree energy of format ion of 
hexagonal GeO2 calculated f rom these resu l ts  4,s is in 
good agreement  with that obtained f rom thermal  
data.6"~ The heats of fusion of hexagonal GeO2 (Ref. 5) 
and germanium etal  9 are 3.84 kca l /mole  (16.1 k J /  
mole) and 8.83 kcal//mole (37 k J /mole)  respect ive ly .  
The equi l ibr ium da igram of the system Ge-GeOz 
investigated by Trumbore ,  Thurmond and Kowalchik w 
indicates that in the exper imenta l  temperature  range 
used in the present  study, 1233 to 1397 K, l iquid ger-  
manium is in equi l ibr ium with the metal  saturated 
l iquid GeO2. (Stoichiometric GeO2 melts  at 1390 K.) 
VOLUME 8B, DECEMBER 1977-669 
The gas phase over the Ge + GeO2 mixture contains the 
O2, Ge and GeO species of which the latter  predomi-  
nates.XX A conventional two-phase qui l ibr ium tech- 
nique was used in the work reported here to obtain the 
saturat ion solubi l i ty of oxygen in l iquid germanium 
and germanium-copper  al loys. The fact that ger-  
manium crysta l l i zes  in the diamond st ructure  meant 
that metal  samples f ree f rom oxide surface contamina-  
tion could readi ly be obtained by cleavage of the sur -  
face layers of the metal.  
EXPERIMENTAL METHOD 
Mater ia ls  
The germanium etal  and the germanium dioxide 
powder used in this study were 99.999 pct pure and 
were obtained f rom CERAC Inc. Copper metal  was ob- 
tained from Cominco and was 99.99 pct pure. 
Apparatus 
The exper imenta l  method is s imi la r  to that de- 
scr ibed previously.  2 However, it was necessary  to 
prevent contact of the s i l ica capsule with GeO2, be- 
cause the high temperature  hexagonal form of GeO2 is 
i sost ructura l  with f l-quartz and the two oxides may be 
expected to be completely miscible.  F igure 1 shows 
the scheme of the exper imental  r rangement .  Ger -  
manium metal  (or alloy) was contained in a GeO2- 
lined alumina crucible closed with an a lumina lid. The 
alumina crucible was then placed inside a c losed-end 
s i l ica tube and sealed under vacuum. Almost perfect 
se l f - sea l ing  of the a lumina crucible with the lid was 
observed in the presence of GeO2. This was probably 
faci l itated by a smal l  temperature gradient (0.5 K 
cm-') along the a lumina crucible resu l t ing  in some 
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Fig. i--Apparatus for solubility measurements: (a) resistance 
furnace with a uniform temperature zone, (b) brick, (c) silica 
capsule, (d) alumina crucible, (e) germanium dioxide, (f) ger- 
manium or germanium-copper alloy, (g) thermoeouple, (h) 
liquid nitrogen quench. 
Table I. Oxygen Solubility in Pure Liquid Germanium 
Temperature, K Oxygen, At. Pct 
1397 0.392 
1370 0.344 
1351 0.277 
1343 0.250 
1317 0.209 
1287 0.178 
1276 0.129 
1248 0.107 
1242 0.109 
1228 0.061 
1222 0.115 
condensat ion of GeO near  the lid. Some GeO molecules 
escaped from the a lumina crucib le before a good seal  
between the crucib le and the lid was achieved, and these 
molecules reacted with the s i l ica  capsule to produce a 
solid solution of GeO2 in SiOz and a fine deposit of me- 
tal l ic germanium.  The extent of the react ion as judged 
f rom the discolorat ion of the s i l ica tube was smal l .  
Examinat ion of the a lumina cruc ib les  at the end of the 
exper iments  indicated that at the interface between 
the GeO2 layer and the a lumina crucib le there was a 
thin layer of the compound 3A1203' 2GeO2,12 "ger -  
manium mul l i te" .  The germanium metal  sample was 
only in contact with the large excess of GeO2 which 
was present  and hence the format ion of the te rnary  
oxide which occurred should not have affected the 
equi l ibr ium distr ibut ion of oxygen between the metal  
and GeOz. There  were indicat ions f rom visual  and 
microscopic  examinat ion that the GeOz ox ide- layer  in 
immediate contact with the metal  was in fact a liquid 
phase dur ing the exper iment.  The thickness of the 
liquid oxide f i lm around the metal  bead was approxi-  
mately 0.2 ram. This  l iquid appeared to have existed 
only at the interface between the metal  and sol id GeO2; 
it did not contact either germanium mull i te or a lumina.  
After keeping the system at constant emperature  for 
24 h, the capsule was quenched either in water or in 
liquid nitrogen.  It was found that, because of the large 
thermal  mass of the a lumina crucible and s i l ica  cap- 
sule, quenching in water was not always suff ic iently 
rapid to prevent  he loss of oxygen as GeO gas f rom 
the sample.  
Analys is  
After quenching, the capsule was broken and the 
oxide layer was removed from the metal  surface by 
cleavage. Oxygen analys is  of the metal  (or alloy) was 
done using the "LECO RO-16 Oxygen Ana lyzer" ,  as 
d iscussed in an ear l ie r  paper.  2
RESULTS 
The saturat ion solubi l i ty of oxygen in l iquid ger-  
manium obtained by analys is  of the metal  after iso- 
thermal  equi l ibrat ion with its oxide is plotted as a 
function of the rec iproca l  of the absolute temperature  
in Fig. 2. The resu l ts  of analys is  at corresponding 
temperatures  are shown in Table I. The leas t -mean 
square l ine through the exper imenta l  points may be 
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represented by the equation 
_ _ 647____00 + 4.24 (• [1] log (at. pct 0) - T 
The solution of GeO2 in liquid germanium ay be ex- 
pressed by the react ion 
1/2 GeO2(1) ~ 1/2 Ge(1) + OGe [2] 
where the standard state for oxygen is chosen such that 
its activity is equal to atom percent  in an inf initely 
dilute solution. The free energy change for the Reac- 
tion [2] has been calculated from the re lat ion 
A o= G2 -RT  In K =-4 .575T  log at. pct 0 cal 
GeO2 
= 29,600 -19 .54  T (• cal 
= 124,000 - 81.7 T (• J .  [3] 
Since the solubi l i ty of oxygen in l iquid germanium is 
between 0.1 and 0.4 at. pct in the range of tempera -  
tures covered in this study, the activity of germanium 
may be taken as equal to unity. However, the activity 
of GeO2 (Ref. 1) cannot be taken to be unity. Calcula-  
t ions based on the phase d iagram for the system Ge 
+ GeOz (Ref. 10) and ca lor imetr ic  values for the heat 
of fusion of tetragonal  and hexagonal GeO2 (Ref. 5) sug- 
gest that the activity of GeO2 exhibits negative devia-  
t ions from Raoult 's  law, which is rather  unusual  in 
a system with a miscib i l i ty  gap. We have therefore 
pre fer red  to assume that the activity of GeO2 in the 
liquid oxide phase containing dissolved germanium is 
Raoultian. The mean value of aGe O chosen in the 
range of temperatures  1223 to 137~ K is equal to 0.86. 
The maximum er ror  introduced by this assumpt ion on 
the free energy of solution of molecular  oxygen in 
liquid germanium is 400 cal (+1700 J). When the 
activity of GeO2 in the liquid oxide obeys Raoult 's  law, 
the activity of germanium in the melt must  obey 
Henry 's  law. The mole fract ion of GeO2 in the liquid 
oxide has a value which depends on the activity of ger-  
manium in the alloy in equi l ibr ium with the liquid 
oxide (XGeO 2 = 1 -- 0.14 age).  
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Fig. 2--Temperature d pendence of oxygen solubility in liquid 
germanium; o-quenched in liquid nitrogen; o-quenched in
water. 
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Fig. 3--Oxygen solubility in liquid copper-germanium alloy 
at 1373 K. 
When Eq. [3] is combined with the standard free 
energy of format ion for the react ion 
1/2 Ge(1) + 1/2 O2(g) - -  1/2 GeO2(1) [4] 
calculated f rom Refs. 4, 5 and 9 
AG O = -68 ,600 + 22.75 T (• cal 
=-287,100  + 95.2 T (• J [5] 
one obtains the standard f ree energy of solut ion of 
molecular  oxygen in l iquid germanium,  assuming  
S ievert 's  law is obeyed by oxygen: 
1/2 O2(g) ~ OGe 
AG o =-39 ,000  + 3.21 T (• cal  
= - 163,200 + 13.43 T (+2100) J .  [6] 
The var iat ion of the saturat ion solubi l i ty of oxygen 
in l iquid copper -german ium al loys at 1373 K as a 
function of the alloy composit ion is shown in Fig.  3; 
the resu l ts  of analys is  are also summar ized  in Table 
II. The alloy composit ion was calculated f rom the 
weights of the component metals  after the appl icat ion 
of a smal l  correct ion for loss of Ge as GeO to the gas 
phase. The correct ion was based on the smal l  ob- 
served change in weight of the alloy dur ing the exper i -  
ments.  Chemical  analys is  of the copper -german ium 
alloy samples  showed that the di f ference between the 
composit ions which were calculated in this way and the 
analyzed alloy composit ions was not more than 0.01 
mole fract ion of Ge. The solubi l i ty of oxygen decreases  
with the addition of copper up to 80 at. pct. At higher 
copper concentrat ion,  the solubi l i ty of oxygen increases  
and it can be calculated that at 1 at. pct german ium the 
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Table II. Oxygen Solubility in Liquid Copper-Germanium Alloy at 1373 K 
Xcu Oxygen, At. Pet 
0.08 0.287 
0.29 O. 129 
0.48 0.077 
0.55 0.030 
0.64 0.015 
0.70 0.0086 
0.76 0.0046 
0.82 0.0049 
0.91 0.0137 
solubil ity of oxygen is equal to approx imate ly  1 at. 
pet. There  is only one stable compound CuGeO3 in the 
system Cu20-CuO-GeO2 (Ref. 13) and the d issoc iat ion 
pressure  of CuGeO3 at 1273 K accord ing to the reac -  
tion 
CuGeOa(s) ~ 1/2 Cu20(s) + GeO2(s) + 1/4 O2(g) [7] 
is 2.22 x 10 -~ atm. ~4 The oxygen pressure  over  a Cu-Ge 
alloy containing 1 at. pet Ge in equi l ibr ium with GeO2 
is 1.7 x 10 -~ atm, so that the oxide phase for alloy 
composit ions covered in this study is GeO2. Accord ing 
to Speranskaya ~3the phase d iagram for the sys tem 
Cu20-GeO2 is of the eutectic type and a l iquid phase 
is stable at 1373 K for 0.95 > XGeO2 > 0.25. For  cop- 
per - r i ch  al loys some d isp lacement  react ion of the 
type 
GeO2(1) + 4Cu(1) ~ 2Cu20(1) + Ge(1) [8] 
can be anticipated. Calculat ions based on the thermo-  
dynamic data on liquid Cu-Ge al loys and liquid Cu20 
and GeO2, and act iv i t ies  in Cu20-GeO2 sys tem est i -  
mated f rom the phase d iagram ~3 suggest hat for an al-  
loy containing 9 at. pet germanium the liquid phase 
contains less than 4 mole pet Cu20. 
F rom the resu l ts  of this study, the S iever t ' s  law 
constant (S) for  oxygen in german ium-copper  alloy has 
been calculated using the re lat ion 
1/2 
1 PO2 KaGeo2 1/2 1 [9] 
SO(Ge + Cu) = at. pct 0 = aGe (at. pct 0) 
where K is an equi l ibr ium constant of the react ion 
GeO2(1) ~ Ge(1) + O2(g). [10] 
As X - ray  examinat ion of the oxide phase in equi l ibr ium 
with the alloy showed the absence of copper oxide, and 
thermodynamic calculat ions indicate the presence  of 
less  than 4 mole pet Cu20 for the al loy containing the 
lowest concentrat ion of germanium, the act iv i ty of 
GeO2 was taken as the mole fract ion of GeO2 in the 
melt  in equi l ibr ium with the al loy phase, in which the 
germanium act iv i ty is known. Act iv i t ies  in the al loys 
at 1373 K were obtained f rom the ca lo r imet r i c  meas-  
urements  of the heat of mixing reported by P rede l  and 
Stein, ~5 Itagaki and Yazawa ~6 and Takeuchi  et  al ,  17 and 
act iv i t ies  of Cu and Ge determined at 1573 K f rom 
mass -spect rometr i c  study by Alcock et al.  ~8 Act iv i t ies  
in binary Cu-Ge system at 1373 K, re la t ive  to pure 
metals  as standard states, are  summar ized  in Table 
III. The standard f ree energy of solution of molecu lar  
oxygen in l iquid copper (1/2 02 ~ 0 Cu) is given by 
Ref. 19 
aG o =-20 ,540  + 1.72 T (+150) cal 
= -85 ,950 + 7.21 T (+600) J [11] 
where the standard state for d isso lved oxygen is 
chosen such that in an infinftely di lute solution its 
act iv i ty is equal to its atom pct. The rat io  of the 
act iv i ty coeff ic ient of oxygen in l iquid german ium to 
that in l iquid copper which is given by YO(Ge) /YO(Cu) 
= So(Cu ) /So(Ge ) is there fore  1/412 ( i .e . ,  log YO(Ge) 
-- log TO(Cu) = -2 .61) .  The var iat ion of the oxygen 
act iv i ty coeff ic ient with al loy composit ion at 1373 K 
re la t ive  to oxygen in l iquid copper is shown in Fig.  4. 
DISCUSSION 
The exper imenta l  values for the act iv ity coeff ic ient 
of oxygen in l iquid Cu-Ge al loy at 1373 K are  compared 
in Fig. 4 with those calculated f rom a quas ichemica l  
model  suggested by Jacob and Alcock.  1 Accord ing to 
that model,  each oxygen atom makes n bonds with 
metal  atoms and the e lect ron ic  conf igurat ion around 
the meta l  atoms bonded to oxygen is a l tered  so that 
the st rength of meta l -meta l  bonds made by these 
atoms is reduced by a factor  of (1 - c~). Under these 
assumpt ions,  the act iv i ty coeff ic ient of oxygen can be 
predicted:  
t~ t~ 
1 YGe(Cu + Ge) +Xcu YCu(Cu + Ge) 
@/n = XGe ~ ~/n 1In 
O(Cu + Ge) rO(Ge) "gO(Cu) 
[121 
where XGe and Xcu are mole f ract ions of german ium 
and copper in the solution, TO(Ge), TO(Cu) and 
YO (Ca + Ge) are  act iv i ty coeff ic ients of oxygen in pure 
germanium,  copper and the alloy respect ive ly ,  
YGe(Cu + Ge) and TCu(Cu + Ge) are  act iv i ty coeff i -  
c ients of the alloy components.  It has been shown I that 
for a large number of sys tems the exper imenta l  data 
can be reconc i led  with the model for values n = 4 and 
ot = 1/2. A value of n = 4 is compatible with te t ra -  
hedra l  in ters t i t ia l  occupancy by oxygen atoms,  and 
with the high values for di f fusivity of oxygen in sol id 
meta ls  .20-23 Analys is  of the geometry  of l iquids in 
te rms of the random close packed hard sphere model 
by Berna l  and coworkers  z4 indicate that 73 pct of the 
holes in the l iquid are  te t rahedra l  and 20 pct are  half 
Table III. Evaluated Activities and Activity Coefficients in 
Copper-Germanium System at 1373 K 
XGe ~/Ge aGe ~/'Cu acu 
0.1 0.0478 0.005 0.909 0.82 
0.2 O. 153 0.03 0.703 0.56 
0.3 0.429 0.13 0.456 0.32 
0.4 0.806 0.32 0.249 O. 15 
0.5 0.993 0.50 0.218 O. 11 
0.6 1.018 0.61 0.211 0.08 
0.7 1.007 0.70 0.215 0.07 
0.8 1.002 0.80 0.218 0.04 
0.9 0.999 0.90 0.220 0.02 
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F ig .  4 - -Compos i t ion  dependence  of the  ac t iv i ty  coe f f i c ient  of 
oxygen in l iqu id  copper -german ium a l loys  at  1373 K, re la t ive  
to oxygen in pure  copper ;  X -exper imenta l  resu l t s ;  - - - Quas i -  
chemical model of Jacob and Alcock, n - 4 and a = 1/2. 
octahedral .  Moreover,  because of the st rong interac-  
tion between the metal and dissolved oxygen atoms, 
and the current  lack of information on the nature of 
this bond, useful est imates of the coordination umber  
of oxygen cannot be made from considerat ion of radius 
rat ios.  An explanation for the appl icabi l i ty of the 
quasichemical  Eq. [1] may res ide in the covalent o 
metal l ic t rans i t ion in germz nium on melting, which 
has been demonstrated by conductivity measurements.2S 
Van Vechten 2s has shown that the large entropy of 
fusion of germanium can be accounted for by a bonding 
contr ibution (4Rln2) in addition to the normal  entropy 
of fusion of metals which ar i ses  f rom vibrat ional  
changes. Springfellow and Greene 27 have applied a 
quasichemical  model for predict ing phase d iagrams of 
systems composed of e lements III and V of the per io-  
dic table, using a value of six for the coordinat ion 
number in the liquid state. An X - ray  diffraction 
study of l iquid germanium 28 suggests that each atom 
has 7.1 nearest  neighbors and its s t ructure  is s imi la r  
to that of the high pressure  modif ication in the solid 
state. The inter ference function of l iquid germanium 
cannot be fitted to one derived f rom a random col lec-  
tion of hard spheres,  but is compatible with a 'bal l  
and spoke' model based on a white t in- l ike short range 
order.  
The exper imenta l  resu l ts  indicate a sharp change 
in the activity coefficient of oxygen at XGe = 0.33. 
X - ray  dif fract ion invest igat ions by Isherwood and 
Orton z9'3~ on liquid germanium-copper  al loys using 
the part ia l  inter ference function method suggest hat 
an alloy containing ~36 at. pct germanium has the 
highest average coordination umber  (or largest  area 
under the f i rs t  peak in the rad ia l  d is t r ibut ion function). 
Lazarev et a131 have shown that the maximum deviat ion 
of measured surface tension of l iquid german ium-cop-  
per al loys f rom the ideal one occurs at XGe ~ 0.35. 
E lect r ica l  res is t iv i ty  measurements  of Guntherodt and 
Tieche 32 also suggest changes in the s t ructure  of the 
liquid alloy about that composit ion.  Since Wagner ' s  
model 3neglects interact ions between copper and ger-  
manium atoms, it cannot account for the s ignif icant 
change in the slope of the logar i thm of the activity co- 
eff icient of oxygen vs mole f ract ion at XGe = 0.35 
(Fig. 4). The Wagner model is based on the parabol ic  
dependence of the solvat ion energy on the number  of 
copper and germanium atoms in tile solvat ion shel l  of 
oxygen atoms, which are assumed to be located at 
quas i in ters t i t ia l  s i tes in the l iquid. 
The heat and entropy values for oxygen dissolut ion 
in l iquid germanium are compared in Fig.  5 with those 
obtained for s i lver ,  ~'34 copper, 35 lead, 35'36 tin, 37'38 gal- 
l ium, 2 sodium, 39'4~ and l i thium. 41'42 For  metals  with 
full  d-shel l ,  there appears to be a rough corre lat ion 
between the heat and entropy of solution of oxygen. 
The decrease in the part ia l  entropy of oxygen with in- 
c reas ing  strength of the metal -oxygen bond suggests 
that the corre lat ion is the resu l t  of v ibrat ional  effects. 
This  reca l l s  Kubaschewski 's  ear l ie r  observat ion 42 that 
the maximum values for the integral  heat and excess 
entropy for a large number  of b inary  al loys obey an 
approximately l inear  re lat ion.  Since the heats of mix- 
ing of most b inary al loys are s ignif icantly smal le r  
than the heats of solution of oxygen, any departure 
from a l inear corre lat ion would be diff icult to d is-  
t ingnish, given the range of exper imenta l  uncer ta in -  
t ies for the heat and entropy terms in b inary al loys.  
Another interest ing feature of Fig. 5 is the observa-  
tion that the part ia l  entropy of oxygen in liquid t rans i -  
tion metals ,  Fe, Ni, Co (Refs. 43 to 45) and uran ium 4x'46 
with unfi l led d-she l ls ,  appears to be s igni f icant ly dif- 
ferent.  Because of the exper imenta l  e r ro rs  and the 
narrow temperature  range covered in the free energy 
measurements ,  there are large uncerta int ies  in the 
part ia l  entropies of oxygen in these metals ,  but the 
trend to a higher entropy value would suggest a bond- 
ing contr ibution. 
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F ig .  5 - -Cor re la t ion  between heat  and  ent ropy  of so lu t ion  of 
mo lecu la r  oxygen in l iqu id  meta ls ;  1//202 ~ O M, The  s tandard  
state for dissolved oxygen is chosen such that its activity is 
equal to its atom pact at infinite dilution. 
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